Background and objectives Recombinant human erythropoietin (epoetin) is used routinely to increase blood hemoglobin levels in patients with ESRD and anemia. Although lower doses of epoetin are required to achieve equivalent hemoglobin responses when administered subcutaneously rather than intravenously, standard practice has been to administer epoetin to patients on hemodialysis intravenously. Randomized trials of alternative epoetin treatment regimens in patients with kidney failure have shown that risks of cardiovascular complications and death are related to the dose levels of epoetin used. Therefore, given the dose-sparing advantages of subcutaneous epoetin administration, the possibility that treatment of patients on hemodialysis with subcutaneous epoetin might be associated with more favorable outcomes compared with intravenous treatment was investigated.
Introduction
Recombinant human erythropoietin (epoetin-a) treatment increases blood hemoglobin levels in almost all patients with anemia of ESRD and has been a mainstay of managing these patients for decades (1) (2) (3) (4) (5) (6) . Both intravenous (iv) and subcutaneous (sc) epoetin effectively ameliorate anemia of kidney failure. However, epoetin pharmacokinetics and activity differ depending on the route of administration. Elevated epoetin blood levels after sc injection are much lower than after iv infusion of equivalent doses but more prolonged, and lower doses are required to achieve the same hemoglobin response when administered sc rather than iv (7) (8) (9) (10) (11) .
Epoetin-a is expensive (.$1.7 billion in costs to Medicare in 2010) (12). Because of substantial cost savings that could be achieved without compromising quality of care, clinical guidelines issued by the National Kidney Foundation (NKF) in 1997 and 2000 (NKF Disease Outcomes Quality Initiative [DOQI]) recommended that sc rather than iv epoetin be used to treat patients with kidney failure (13) (14) (15) . This recommendation also reflected the principle of limiting drug use to the minimum required to achieve a therapeutic goal. Nonetheless, standard practice in the United States outside of the Veterans Affairs Health Care System (16) has been to treat patients on hemodialysis with iv epoetin (17) . Convenience, patient comfort, and concerns about rare cases of pure red cell aplasia (PRCA) caused by drug-induced antierythropoietin antibodies have been rationales for favoring iv epoetin in hemodialysis management (17) (18) (19) (20) (21) . However, clinical care reimbursement policies also favored iv epoetin use. Before 2011, Medicare, which covers most costs of hemodialysis care in the United States, paid for epoetin treatment on a drug cost basis, and reimbursements for administering epoetin accounted for up to 25% of dialysis center income (22) .
Furthermore, before 2006, there was no clear evidence of dose-related epoetin toxicities for patients with kidney failure. Since 2006, however, several large randomized trials evaluating epoetin and darbopoetin (a long-acting form of epoetin) treatment regimens in kidney disease found that risks of cardiovascular complications and early death were increased significantly when high doses of drug were used to maximize hemoglobin responses (23) (24) (25) (26) . These findings raised the possibility that sc epoetin might be safer than iv epoetin for patients on hemodialysis because of its dose-sparing advantages.
To explore relationships between epoetin dose, route of administration, and clinical outcomes in patients with ESRD, we conducted a retrospective cohort study of .60,000 patients on hemodialysis using data from the Centers for Medicare and Medicaid Services (CMS) ESRD Clinical Performance Measures (CPM) Project (www.cms.hhs. gov/cpmproject/) linked to CMS administrative data maintained by the US Renal Data System (USRDS; www. usrds.org). Clinical outcomes of patients on hemodialysis managed with iv versus sc epoetin were compared, and both dose and route of epoetin administration were evaluated as independent risk factors for adverse clinical outcomes.
Materials and Methods

Study Participants
Details of the CMS ESRD CPM have been reported previously (27) . For this project, patients on hemodialysis ($18 years old) stratified by regional ESRD Networks contracted to monitor quality of care were selected randomly from a census of all surviving patients undergoing hemodialysis on December 31st of successive years. Data used for this study encompass 9 years of the CPM Project (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) and represent information collected from patient records during 3-month periods immediately preceding each study year (i.e., 2005 data reflected care and observations recorded from October 1 to December 31, 2004) . If a patient was randomly selected for the CPM Project more than one time, only data from the first year of selection were included for analysis. Data from CPM patient records were then linked to CMS administrative data maintained by the USRDS. Baseline clinical data, including epoetin-a treatment parameters, came from the CPM Project, whereas outcomes data (i.e., hospitalizations and mortality) were provided by the USRDS.
CPM Project data included records for 68,278 patients from 1997 to 2005 after elimination of duplicates. Patients were excluded if they could not be linked to USRDS patient files (471), did not receive epoetin (2858), lacked information about epoetin dosing or route of administration (1371), or had died or undergone kidney transplantation during the final 3 months of the year when selected for enrollment (69). For the remaining 63,509 patients, 57,602 patients received iv epoetin, 5108 patients received sc epoetin, and 799 patients received both and were excluded from the study. The remaining 62,710 patients constituted the study population for analysis.
Determination of Clinical Variables
Demographic information from the CPM Project included sex, age, race, and ethnicity. Clinical information included cause of ESRD, dialysis vintage, height and weight, type of vascular access, prescribed doses of epoetin, and route of administration. Laboratory measures included blood hemoglobin, transferrin saturation, ferritin concentration, and serum albumin as well as procedural data used to calculate spKt/V as a measure of dialysis adequacy. Epoetin doses, laboratory measurements, and spKt/V values for individual patients represented averages of those recorded during the 3-month periods when clinical information was obtained for the ESRD CPM Project (27) . Characteristics of individual dialysis facilities providing patient data to the CPM Project (e.g., nonprofit versus for profit, hospital based versus nonhospital based) were obtained from USRDS records.
Determination of Clinical Outcomes and Data Analyses
Adverse composite event outcomes were examined as defined previously in randomized studies of patients with kidney disease (23, 24) . A composite event outcome represented the occurrence of one or more clinical events (death and/ or hospitalization for congestive heart failure [CHF], acute myocardial infarction [AMI] , and/or stroke [cerebrovascular accident (CVA)]) during the 2 years after a patient entered the CPM Project. Patients were classified as having had an AMI, CHF, or CVA if hospitalized with primary international classification of diseases (ICD-9) diagnosis codes of 410 (AMI), 428 (CHF), or 430-436 (CVA). Patient records were also screened for additional ICD-9 codes as described by Collins et al. (28) to detect possible patients with PRCA.
All study patients received epoetin-a and were treated exclusively with either iv or sc epoetin during periods of data collection. To control for unmeasured factors related to network and facility differences, the percentage of patients treated exclusively with sc epoetin was determined for each of 18 hemodialysis networks defined in the CPM Project, and these were grouped into four categories of sc epoetin administration (,4%, 4%-7%, 8%-11%, and $12% of patients). Bivariate analyses were conducted to compare groups using chi square statistics for categorical variables and the t test or Wilcoxon rank-sum test for continuous variables. Life table cumulative event rates were calculated using Kaplan-Meier estimates and evaluated by the log-rank test. Multivariate Cox proportional hazard analyses stratified by network group and adjusted for patient characteristics reported to affect clinical outcomes (e.g., nonblack race, older age, diabetes as the cause of ESRD, and low serum albumin [27, 29, 30] ) as well as individual dialysis facility characteristics were carried out to determine whether variables of epoetin dose and route of administration were associated independently with differences in the incidence of adverse composite events. Separate regression analyses were done for 12 and 24 months of follow-up. Patients were censored at the time of transplant if they received a kidney transplant during follow-up. All data analyses were conducted using SAS, version 9.3 (SAS, Cary, NC). time of entry into the ESRD CPM Project (dialysis vintage .2.0 years) (Table 1) . Overall, 8% (5108) were managed with sc epoetin, whereas 92% (57,602) received iv epoetin. The sc epoetin cohort was found to include greater proportions of patients with clinical characteristics associated with a poor prognosis (e.g., nonblack race, older age, diabetes as the cause of ESRD, and low serum albumin [29, 30] ) than the iv cohort (Table 1) .
Differences in iv Versus sc Epoetin Doses
From 1997 to 2000, the use of sc epoetin increased slightly from 6.5% to 11.0% of patients but then declined to 4.3% by 2005 ( Figure 1A ). For patients managed with sc epoetin, average doses prescribed did not change substantially from 1997 to 2005. However, average iv epoetin doses overall were greater (P,0.001) than those prescribed for sc administration, which was expected (7, 8) , and they also increased progressively over time (P,0.001) ( Figure 1B ). Consequently, a greater proportion of patients managed with sc epoetin (51%) received relatively low doses (,150 units/kg per week) than those treated with iv epoetin (40%), and a greater proportion of patients treated with iv epoetin (27%) received high doses (.300 units/kg per week; representing the top quartile of epoetin doses) than patients treated with sc epoetin (17%; P,0.001).
Average blood hemoglobin levels maintained in patients managed with sc versus iv epoetin were nearly identical (11.3761.22 versus 11.4561.23 g/dl; mean 6 SD), and proportions of patients with blood hemoglobin levels maintained at each of varying levels from ,10 to $13 g/dl were very similar for the iv and sc epoetin cohorts (Figure 2A) . However, median epoetin doses (as well as the 25% and 75% quartile doses) at all levels of hemoglobin response were substantially lower (by 20%-28%) when epoetin was administered sc rather than iv (P,0.001) ( Figure 2B ). 
Association of Epoetin Dose and Route of Administration with Adverse Clinical Outcomes
Study cohorts were compared with respect to incidence of adverse composite events, which as defined in the Correction of Hemoglobin and Outcomes in Renal Insufficiency (CHOIR) Study (23, 24) , included death and/or hospitalization for CHF, AMI, or CVA. High risks of cardiovascular events and death in patients with ESRD are well documented (29) (30) (31) (32) (33) (34) (35) (36) and evident in this study. Overall, 28% of 62,710 study participants experienced an adverse composite event within 1 year of follow-up, and 40% experienced an adverse composite event within 2 years. Death was the most frequent adverse event (78% of all events occurring within 2 years and the only event in 58% of patients). Also, as observed in the CHOIR Study (23, 24) , CHF leading to hospitalization was more frequent (23%) than AMI (8%) or CVA (11%) as an initial adverse event.
Kaplan-Meier life table analysis showed that the cumulative rate of adverse composite events was significantly greater overall for patients managed with iv versus sc Figure 2 . | Proportions of patients managed with intravenous (IV) or subcutaneous (SC) epoetin (Epo), with blood hemoglobin levels maintained at varying levels, were very similar, but median doses of Epo used to achieve these hemoglobin levels were different. (A) Percentage of patients managed with SC or IV Epo whose blood hemoglobin levels were maintained at varying levels from ,10 to $13 g/dl. Overall distributions of patients at varying hemoglobin levels were very similar but statistically different (P,0.01) for the cohorts managed with IV versus SC epoetin. (B) Medians and 25th and 75th percentiles (indicated by lines) of Epo doses (units per kilogram per week) used in patients managed with IV or SC Epo to achieve blood hemoglobin levels of varying levels from ,10 to $13 g/dl. Median doses are lower for SC compared with IV within each hemoglobin category by 20%-28% (P,0.001 by the Wilcoxon rank-sum test).
epoetin ( Figure 3A , P,0.001) as well as patient subgroups with hemoglobin levels either above or below the median of 11.5 g/dl (Figure 3 , B, P,0.001 and C, P,0.001), representing patients who were relatively epoetin sensitive or resistant, respectively. Cumulative adverse event rates (Supplemental Figure 1) were also significantly greater for patients managed with iv versus sc epoetin at relatively low doses of epoetin (,150 units/kg per week; P=0.02) and intermediate doses (150-299 units/kg per week; P=0.01) but not those treated with the highest doses ($300 units/kg per week; P=0.44).
Multivariate Cox proportional hazard modeling adjusted for both patient characteristics known to affect clinical outcomes (e.g., nonblack race, older age, diabetes as the cause of ESRD, and low serum albumin [27, 29, 30] ) and various dialysis facility characteristics (e.g., nonprofit versus for profit, etc.) also indicated that the risks of adverse events were higher for patients treated with iv versus sc epoetin (Table 2 , all subjects). Adjusted hazard ratios (AHR) were highest and significantly elevated (95% confidence interval [95% CI], 1.01 to 1.26) for patients treated with low and intermediate doses of epoetin (,300 units/kg per week) representing approximately 75% of the study population ( Table 2 , AHR for iv versus sc epoetin by dose level) and for patients with hemoglobin levels maintained above 11.5 g/dl who were relatively epoetin sensitive ( Table 2 , AHR for iv versus sc epoetin by hemoglobin level); however, AHRs (iv versus sc epoetin) were elevated for all subgroups (AHR, 1.06 to 1.15) but not statistically different between epoetin dose and hemoglobin subgroups (P=0.38 and P=0.40, respectively). Higher risks of adverse events associated with iv versus sc epoetin were observed in ESRD networks that used sc epoetin both least frequently (,4% of patients; hazard ratio, 1.19; 95% confidence interval [95% CI], 1.04 to 1.36; n=16,476) and most frequently (.12% of patients; hazard ratio, 1.12; 95% CI, 1.03 to 1.23; n=9305). Moreover, higher adverse event rates and elevated AHRs for these events were observed consistently with iv versus sc epoetin independent of patient age, history of a prior event, albumin level, hemoglobin response, and the type of dialysis facility managing care (Supplemental Table 1 ).
Concerns about patients with rare drug-associated PRCA have led to recommendations that patients on hemodialysis be treated with iv rather than sc epoetin (17, 19, 21) . We, therefore, examined CMS records for occurrences of PRCA among 62,710 study participants within 5 years after their entry into the ESRD CPM Project. Before 2008, no specific ICD-9 code was defined for PRCA; however, this diagnosis was included among other forms of acquired aplastic anemia (284.8). We, therefore, screened records for this ICD-9 code and then used other diagnosis, procedure, and treatment codes to detect possible cases of PRCA, using the criteria described by Collins et al. (28) 
Discussion
This retrospective cohort study of .60,000 adult patients on hemodialysis confirms that higher doses of epoetin-a are required to achieve equivalent hemoglobin responses in patients with kidney failure when administered iv rather than sc. This study also finds that risks of early death and/or hospitalization for cardiovascular complications were significantly greater for patients managed with iv versus sc epoetin. Moreover, higher adverse event rates and significantly elevated AHRs for adverse events were observed consistently in association with iv versus sc epoetin administration for patients independent of age, history of a prior adverse event, albumin level, hemoglobin response, and type of dialysis facility managing care. Because patients treated with iv epoetin consistently required higher doses to achieve equivalent hemoglobin responses than those given sc epoetin, these findings support the conclusion that epoetin exposure per se affected clinical outcomes in a dose-dependent manner, as was indicated by a secondary analysis of the CHOIR Study (24) .
Pharmacokinetic studies of iv and sc epoetin administration in healthy volunteers and patients with ESRD (9-11) have shown that peak epoetin blood levels attained after sc injection are substantially lower than those after iv infusion of identical doses, and it is possible that increased risks of adverse events associated with epoetin treatment occur primarily when epoetin blood levels exceed a certain threshold. Given the distinct pharmacokinetics of iv versus sc epoetin (9), lower doses of epoetin would be more likely to exceed such a threshold when administered iv rather than sc. However, because epoetin has greater erythropoietic bioactivity when given sc rather than iv, patients treated with high doses of sc epoetin (.300 units/kg per week) likely included a greater proportion of patients who were drug resistant than those who received the same doses iv. Because epoetin resistance is per se a surrogate risk factor for adverse clinical outcomes, this may explain why higher risks of adverse clinical outcomes with iv versus sc epoetin were less evident at doses .300 units/kg per week ( Table 2 , AHR for iv versus sc epoetin by dose level, Supplemental Figure 1 ). There is long-standing evidence that expression of erythropoietin receptors is not restricted to erythroid precursors in the marrow but is also detectable in nonerythroid tissues, including neurons, adipocytes, and vascular endothelium (37) . There is also evidence that erythropoietin affects vascular endothelial function and influences angiogenesis (38) (39) (40) (41) (42) . Hence, nonerythropoietic effects of epoetin, particularly at high pharmacologic blood levels, could have a role in promoting adverse clinical events associated with epoetin treatment in patients with kidney disease.
Doses of epoetin and other erythropoiesis-stimulating agents (ESAs) used to manage patients with kidney disease in the United States have declined in recent years (USRDS 2013 information) (12, 43, 44) . Evidence that aggressive ESA treatment regimens may be hazardous for these patients, reported since 2006, has likely prompted this change. However, financial considerations may also have had an influence. Medicare, which pays for most costs of hemodialysis care in the United States, discontinued separate reimbursements for ESA treatment on a drug cost basis in 2011 (12, 43, 44) , including them instead in bundled payment formulae for dialysis care, thereby removing financial disincentives to limit ESA use. We were unable to determine whether the use of iv versus sc epoetin at dialysis centers has also changed in recent years, because information about the route of epoetin administration became unavailable through the CMS after 2006. However, the new Consolidated Renal Operations in a Web-enabled Network data reporting system for tracking ESRD management (http://projectcrownweb.org/ assets/release_notes/Kidney_Data_Dictionary_Search.html) should provide this information in the future.
The choice of iv versus sc epoetin to treat patients on hemodialysis in the United States has been influenced by concerns about the immunogenic potential of epoetin and patients with rare cases of drug-associated PRCA. These concerns were cited as a basis for changes in NKF DOQI guidelines in 2006 and led to recommendations by Amgen and the Food and Drug Administration in 2005 and 2006 (17,19,21,45 ) that iv rather than sc epoetin be used to treat patients on hemodialysis, despite the fact that patients with rare cases of PRCA were observed primarily outside the United States and associated with Eprex, a form of epoetin not marketed in the United States (17) (18) (19) . Although cases of PRCA have been documented in individuals treated with Epogen and Procrit (epoetin-a used in the United States), these cases have been extremely rare (incidence estimated at 0.2/100,000 patient-years) (18) and not exclusively associated with sc administration (18, 19) , consistent with our finding of only one possible patient with PRCA per 201,655 patient-years (associated with iv epoetin).
Several different ESAs are now available in the United States to treat anemia of ESRD (46) . However, epoetin-a (Epogen) continues to be used widely in the United States. Although doses of epoetin and other ESAs used in hemodialysis management have declined, our study's findings remain relevant to current practice, because observed differences in clinical outcomes associated with iv versus sc epoetin treatment were found to be most evident at lower dose levels. In conclusion, this study provides evidence that routine use of sc rather than iv epoetin to manage anemia in patients on hemodialysis could enhance survival and reduce were treated with iv epoetin.) However, because this is a retrospective, observational study, conclusions drawn from it must be qualified, because unmeasured hemodialysis facility and patient management variables not accounted for by multivariate analysis may have affected the results.
